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a  b  s  t  r  a  c  t
Thorium  dioxide  is a  refractory  ceramic  material  and  is  difﬁcult  to  sinter  to high density.  Commercial
powder  starts  to sinter  in SPS  under  70 MPa  above  1000 ◦C and  compaction  is  not ﬁnished  at 1600 ◦C.
In  contrast,  a 13  nm  nanopowder  synthesised  via  low  temperature  decomposition  of  thorium  oxalate
starts  to  sinter  at ∼500 ◦C; the  onset  of  sintering  shifts  to  higher  temperatures  for powders  with larger
crystallites.  The  initial  crystallite  size  solely  affects  the  onset  of  sintering,  whereas  the  ﬁnal  stage  ofeywords:
park plasma sintering
horia
hO
sintering  is  independent  of the  initial  crystallite  size  for  the  powders  used  in this  study.  Pellets  with
density  well  above  95%  of the theoretical  density  were  prepared  using  SPS at sintering  temperature  of
1600 ◦C,  70  MPa  pressure  and  10 min  dwell  time.
© 2015  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
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. Introduction
Thorium dioxide belongs to a group of very stable refractory
aterials with a very high melting point (Tm = 3650 K). Hania and
laassen [1] reviewed extensively the preparation, properties and
se of the thorium oxide as a nuclear fuel. The usual temperatures
or efﬁcient sintering of ThO2 exceed 1700 ◦C. Additives can be used
o boost the sinterability, mostly metal cations M2+ (Ca, Mg)  [2,3],
3+ (Y) [4], M5+ (V, Nb, Ta) [5]. Addition of uranium in form of
O2 + x, during the fabrication of mixed oxide fuel (MOX, ThO2-
O2), eases dense pellet preparation too [6–8]. The grain size of
he staring powder inﬂuences signiﬁcantly the sintering process,
nd also opens a path to improve sintering steps [1,2–9].
Spark plasma sintering (SPS) is a ﬁeld assisted sintering tech-
ique receiving widespread interest in the R&D of compaction of
eramic materials. This technique is now being deployed in the ﬁeld
f nuclear materials, for example it allowed sintering of UO2 at
uch lower temperature than by classical methods [10,11]. Con-
erning spark plasma sintering of ThO2, to our best knowledge, no
ystematic studies have been performed so far, apart, that is, from
uta’s studies on Th1 − xUxO2 [12]. The ﬁnal densities of the pel-
ets Muta produced were constantly above 90% TD, with a slight
endency to higher relative density with higher uranium content.
he applied SPS sintering conditions were 1600 ◦C, 50 MPa  with a
olding time of 10 min, but, no details on the sintering behaviour
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of the mixtures or process optimization were described. Similarly,
SPS was employed by the same authors for the preparation of
Th1 − xMxO2 (M = Y, La, Ce, Nd, Gd, U) pellets in order to study effect
of the dopant on the thermal conductivity [13].
The presented paper describes methods to prepare high den-
sity ThO2 pellets using SPS and nanocrystalline powder as a staring
material. This is a necessary step for the determination of safety rel-
evant parameters that are density dependent. The compaction has
been studied as a function of initial crystallite size and shape of the
agglomerates. The results were compared to SPS of commercially
available micrometer sized ThO2 powder.
2. Experimental part
2.1. Powder synthesis
The starting powder was prepared from the low temperature
decomposition of thorium oxalate. The synthesis and characteriza-
tion thereof is described in Ref. [14]. The parameters of the oxalate
decomposition were set to yield ThO2 powder with crystallite sizes
of about 13, 19 and 34 nm.  The powders were kept under dry argon
atmosphere to avoid water adsorption. Commercial ThO2 powder
was used as received.
2.2. Spark plasma sinteringA small scale SPS facility (FCT Systeme GmbH) integrated in
a glovebox [10,15] was  used for the compaction of the powders.
Graphite dies and punches (6 mm inner diameter) were used. About
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Typical applied SPS steps for nano-ThO2 compaction with 100 ◦C/min heating ramp.
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2.3. Analytical techniquesig. 2. The characterization of a ThO2 powder with a nominal 19 nm crystallite size
nner  porosity. Single crystallites were captured by HRTEM (C) and TEM (D).
.3 g of starting powder was loaded in the graphite dye, prepressed
t 0.5 kN and sintered to a disk with height of about 1 mm.  The
PS procedure consisted of 50/5 ms  current/pause intervals, 70 MPa
2.0 kN) applied pressure and 1600 ◦C ﬁnal temperature with a
0 min  dwell time. The temperature was measured using a ther-
ocouple located inside the bottom graphite punch about 2 mm
rom the loaded powder. The typical run with a heating ramp ofphology of the particle agglomerates by SEM (A) and STEM (B) with a focus on the
100 ◦C/min is shown in Fig. 1. Alternatively, heating ramps of 50
and 200 ◦C/min were used.The crystal structure of the products was determined at room
temperature by X-ray diffraction (XRD) using a Bruker D8  X-ray
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pFig. 3. Morphology of the commercial ThO2 by SEM.
iffractometer mounted in a Bragg–Brentano conﬁguration with a
urved Ge monochromator (1, 1, 1), a ceramic copper tube (40 kV,
0 mA)  equipped with a LinxEye position sensitive detector. For the
easurement, the powder was deposited on a silicon wafer to min-
mize the background. Structural analyses were performed by the
ietveld method with the JANA 2006 software suite [16]. The mor-
hology of the samples was examined using a scanning electron
icroscope, Tescan Vega. Powder and pellet fresh fracture surfaces
ere measured after coating with a 10 nm gold conductive layer.
ransmission electron micrographs (TEM) were recorded on Tec-
aiG2 (FEITM). The pellets density was obtained via the Archimedes
ethod in water using a Sartorius balance (YDK-01).
. Results and discussion
.1. Starting ThO2 nanopowders
The starting powders were obtained by controlled thermal
ecomposition of a Th(C2O4). 2H2O precursor, as reported in detail
lsewhere [15]. The powder after conversion to oxide kept its initial
orphology of the oxalate microcrystals. Fig. 2A shows the square
heet morphology of the crystallite agglomerates, the lateral size is
n the 0.5–2 m range and the thickness is of the order of tens of nm. high temperature environmental SEM study has been reported on
h0.9Nd0.1O1.95 prepared by the same technique [18], it showed
hat there is only a small shrinkage of the square sheets between
50 and 1000 ◦C. Thus, the difference in the size of the square sheet
ig. 4. (A) SPS data for the sintering of commercial ThO2 with a heating ramp 200 ◦C/min
art  for SPS sintered commercial powder.eramic Society 36 (2016) 767–772 769
agglomerates in our case (decomposition at 600, 700 and 800 ◦C)
would be very low, and therefore we can assume that the size dis-
tribution of the agglomerates is constant for all crystallite sizes.
The agglomerates are highly porous as can be seen in Fig. 2B. The
temperature of the oxalate precursor decomposition was selected
to obtain average crystallite sizes of 13, 19 and 34 nm (determined
by XRD). TEM examination of a typical sample is shown in Fig. 2C
and D conﬁrming the 19 nm nominal size of the powder. The lattice
parameter (Fm-3m space group) of all powders was 5.60 Å, which
is in agreement with previously published values [17,18].
A SEM micrograph of the commercial ThO2 powder is presented
in Fig. 3. It corresponds to a high temperature calcined material with
grain size up to several micrometres. The powder XRD revealed a
single face-centred cubic phase with the same lattice parameter as
the nanocrystalline powder.
3.2. SPS compaction of commercial ThO2 powder
The sintering curves for the commercial powder are depicted in
the Fig. 4A (heating ramp 200 ◦C/min, ﬁnal temperature 1600 ◦C,
dwell time 10 min). The onset of sintering is clearly evident at
1300 ◦C, but likely starts at a slightly lower temperature, but is
masked by the thermal expansion. The ﬁnal density corresponds
to 85% of the TD. The pellet’s inner morphology is shown in the
Fig. 4B. Signiﬁcant porosity remains. Commercial ThO2 powder is
known to be difﬁcult to sinter in conventional sintering, and even
in SPS a high density is not achieved at temperatures up to 1600 ◦C.
3.3. SPS compaction of nanocrystalline ThO2 powder
The sintering behaviour of the nano-ThO2 powders is described
in Fig. 5. Nine runs are shown with three heating ramps and three
powder crystallite sizes. Generally, two  main compaction features
are present. An initial compaction takes place between 100 and
200 ◦C, and is attributed to powder reorganization under pressure
or possible residual water desorption from the material. The second
compaction peak is a true contribution of the actual sintering. There
is a clear shift of the sintering curves to lower temperatures with
decreasing heating rate (Fig. 5 and Table 1), in agreement with the
literature on conventional sintering [19] and SPS [20].
Most importantly, the temperature at which the sintering starts
is dependent on the crystallite size. Fig. 6 compares the sinter-
ing of the three nanocrystalline powders at the same heating rate
(50 C/min). An increase of the crystallite size from 13 to 19 nm
shifts the onset of sintering by about 130 ◦C to higher temper-
ature, see Table 1. Interestingly, the crystallite size has a major
effect only at the onset of sintering and not during the later stages
 (uncorrected for thermal expansion); (B) SEM micrograph of the pellet’s internal
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Fig. 5. SPS sintering curves for powders of 13, 19 and 34 nm crystallite size and heating rate of 50, 100 and 200 ◦C/min. Upper curves correspond to the absolute piston
position and the bottom curves show the piston velocity. The curves are uncorrected for thermal expansion.
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Tig. 6. Sintering rates of ThO2 powder with different crystallite sizes. (1) Sintering w
 and 2 are only a guide to the eye and do not represent any ﬁtting procedure.
f the process. Indeed, the “tail” of the sintering rate proﬁles is
emarkably similar for all the initial particle crystallite sizes. There-
ore, the following mechanism can be proposed for the sintering of
anocrystalline ThO2 powder derived from oxalate decomposition.
he starting powder differs in crystallite size, but the size and shapehe square sheet agglomerates; (2) Sintering between the square sheets. The regions
of the square sheet agglomerates is the same for all three powders.
The sintering regions can be divided into two parts (see Fig. 6). The
ﬁrst is dependent on the crystallite size and is linked to sintering
and grain growth within the square sheet agglomerates. The second
part has a similar progression independent of the initial crystallite
V. Tyrpekl et al. / Journal of the European Ceramic Society 36 (2016) 767–772 771
Fig. 7. SEM micrographs of fracture surfaces of pellets prepared from a 13 nm Th
Table 1
The sintering characteristics and ﬁnal pellet densities for different initial crystallite
size.
Crystallite
size [nm]
Heating rate
[◦C/min]
Sintering
onset [◦C]
Density
[% of TD]
13 50 500 95 ± 1
100 550 100 ± 4
200 650 97 ± 3
19 50 630 99 ± 1
100 670 99 ± 1
200 700 93 ± 1
34 50 730 94 ± 1
s
t
t
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t100 760 94 ± 1
200 800 96 ± 2
ize and takes place at elevated temperature, and can be attributed
o the sintering (compaction) of the sheet formed agglomerates
hemselves. For low heating rate (50 ◦C/min) the sintering was  com-
leted before reaching 1600 ◦C, in contrast for 200 ◦C/min minor
intering continued during the dwell time at 1600 ◦C.
The fracture surfaces of pellets derived from sintering of 13 nm
hO2 powders are shown in Fig. 7. The square sheet morphology
f the agglomerates was not preserved during the sintering, fur-
hermore no visible cracks nor were larger porosities present. The
ellet formed with a heating rate of 200 ◦C/min retains a submi-
ron grain size, while at a heating rate of 50 ◦C/min the grain size is
arger, but less than 2 m.  The ﬁnal densities of all the samples are
ummarized in the Table 1. Notably, all powders prepared from low
emperature decomposition of thorium oxalate compacted by SPS
eached a high ﬁnal density, whereas the pellet made from com-
ercial powder had a density of only 85%. Thus, this approach can
e used to produce high density pellets containing Th for measure-
ent of thermal conductivity, necessary for fuel safety assessment.
The lattice parameter of ThO2 sintered pellets was 5.60 Å when
ither commercial or nanocrystalline powders were used. Thus,
here was no detectable change in the structure or chemical inter-O2 powder with different heating rates: (A) 50, (B) 100 and (C) 200 ◦C/min.
action with the die during the sintering. However, during tests at
higher sintering temperatures (1700 ◦C) a slight gradient of colour
from white to grey yellow through the pellets interior has been
observed indicating slight reduction of the powder—formation of
oxygen vacancies in the structure similarly as reported for ZrO2 in
Ref. [21].
4. Conclusion
The spark plasma sintering method was  used to densify ThO2
powder, both from a commercial source and from a powder spe-
cially prepared via low temperature decomposition of thorium
oxalate. The latter powders were composed of nanometric crystal-
lites with average sizes of 13, 19 and 34 nm,  ordered within larger
thin platelets of micrometric size. The temperature characteristic
of the onset of sintering decreased with crystallite size and was as
low as 500 ◦C for ThO2 powder with a 13 nm crystallite size. Dur-
ing the ﬁnal stage of sintering, the behaviour was independent of
the initial crystallite size, indicating that the platelets shape and
packing dominate the kinetics of the last stage of densiﬁcation.
In general, the powder derived from the low temperature
decomposition of Th oxalate showed a higher sinterability com-
pared to conventional ThO2 powder; relative densities well above
95% were reached in SPS at 1600 ◦C with a 10 min  dwell, indepen-
dently of the heating rate and the initial crystallite size.
Acknowledgements
Authors are very grateful to Jean-Francois Vigier for his
assistance during powder synthesis, Markus Enstberger for SEM
measurements and Oliver Dieste Blanco for TEM measurements.References
[1] P.R. Hania, F.C. Klaassen, Comprehensive Nuclear Materials, Elsevier Ltd.,
2012, 2015, Chapter 3.04, pp. 588–106.
7 pean C
[
[
[
[
[
[
[
[
[
[
[
Soc. 94 (2011) 24–31.
[21] U. Anselmi-Tamburini, S. Gennari, J.E. Garay, Z.A. Munir, Fundamental
investigations on the sparka plasma sintering/synthesis process: II. Modeling
of  current and temperature distribution, Mater. Sci. Eng. A 394 (2005)72 V. Tyrpekl et al. / Journal of the Euro
[2] Thorium fuel cycle-potential beneﬁts and challenges, IAEA TECDOC 1450,
2005.
[3] K. Ananthasivan, S. Balakrishnan, S. Anthonysamy, R. Divakar, E. Mohandas, V.
Ganesan, Synthesis and sintering of nanocrystalline thoria doped with CaO
and MgO  derived through oxalate-deagglomeration, J. Nucl. Mater. 434
(2013) 223–229.
[4] I.C. Cosentino, R. Muccillo, Powder synthesis and sintering of high density
thoria–yttria ceramics, J. Nucl. Mater. 304 (2002) 129–133.
[5] K. Ananthasivan, S. Anthonysamy, C. Sudha, A.L.E. Terrance, P.R. Vasudeva
Rao, Thoria doped with cations of group VB-synthesis and sintering, J. Nucl.
Mater. 300 (2002) 217–229.
[6] N. Hingant, N. Clavier, N. Dacheux, S. Hubert, N. Barré, R. Podor, L. Aranda,
Preparation of morphology controlled Th1 − xUxO2 sintered pellets from
low-temperature precursors, Powder Technol. 208 (2011) 454–460.
[7] N. Hingant, N. Clavier, N. Dacheux, N. Barré, S. Hubert, S. Obbade, F. Taborda, F.
Abraham, Preparation, sintering and leaching of optimized uranium thorium
dioxides, J. Nucl. Mater. 385 (2009) 400–406.
[8] J.H. Yang, K.W. Kang, K.W. Song, C.B. Lee, Y.H. Jung, Fabrication and thermal
conductivity of (Th,U)O2 pellets, Nucl. Technol. 147 (2004) 113–119.
[9] C.S. Morgen, K.H. McCorkle, Sintering and desintering of thoria, Sintering and
Related Phenomena, Material Science Research, vol. 6, Plenum Press, New
York, 1973.
10] V. Tyrpekl, C. Berkmann, M.  Holzhäuser, F. Köpp, M.  Cologna, T. Wangle, J.
Somers, Implementation of a spark plasma sintering facility in a hermetic
glovebox for compaction of toxic, radiotoxic, and air sensitive materials, Rev.
Sci. Instrum. 86 (2015) 023904.
11] L. Ge, G. Subhash, R.H. Baney, J.S. Tulenko, E. McKenna, Densiﬁcation of
uranium dioxide fuel pellets prepared by spark plasma sintering (SPS), J. Nucl.
Mater. 435 (2013) 1–9.
12] H. Muta, Y. Murakami, M.  Uno, K. Kurosaki, S. Yamanka, Thermophysical
properties of Th1 − xUxO2 pellets prepared by spark plasma sintering
technique, J. Nucl. Sci. Technol. 50 (2013) 181–187.eramic Society 36 (2016) 767–772
13] H. Muta, T. Kawano, M.  Uno, Y. Ohishi, K. Kurosaki, S. Yamanaka, Lattice
parameter and thermal conductivity of Th1 − xMxO2 − y (M = Y, La, Ce, Nd, Gd
and U), J. Nucl. Mater. 434 (2013) 124–128.
14] V. Tyrpekl, J.-F. Vigier, D. Manara, T. Wiss, O. Dieste Blanco, J. Somers, Low
temperature decomposition of U(IV) and Th(IV) oxalates to nanograined
oxide powders, J. Nucl. Mater. 460 (2015) 200–208.
15] V. Tyrpekl, M. Holzhäuser, H. Hein, J.F. Vigier, J. Somers, P. Svora, Synthesis of
dense yttrium-stabilised hafnia pellets for nuclear applications by spark
plasma sintering, J. Nucl. Mater. 454 (2014) 398–404.
16] V. Petricek, M.  Dusek, L. Palatinus, Jana2006, the Crystallographic Computing
System, Institute of Physics, Academy of the Science of the Czech Republic,
Prague, Czech Republic, 2006.
17] L. Claparede, N. Clavier, N. Dacheux, A. Mesbah, J. Martinez, S. Szenknect, Ph.
Moisy, Multiparametric dissolution of thorium–cerium dioxide solid
solutions, Inorg. Chem. 50 (2011) 11702–11714.
18] D. Horlait, N. Clavier, N. Dacheux, R. Cavalier, R. Podor, Synthesis and
characterization of Th1 − xLnxO2 − x/2 mixed-oxides, Mater. Res. Bull. 47 (2012)
4017–4025.
19] J. Wang, R. Raj, Estimate of the activation energies for boundary diffusion
from rate-controlled sintering of pure alumina, and alumina doped with
zirconia or titania, J. Am.  Ceram. Soc. 73 (1990) 1172–1175.
20] J. Langer, M.J. Hoffmann, O. Guillon, Electric ﬁeld-assisted sintering and hot
pressing of semiconductive zinc oxide: a comparative study, J. Am. Ceram.139–148.
